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WO 08/4942? rCTJRtftffittU 
High frame rate ultrasonic diagnostic Imaging systems with motion artifact reduction. 



This invention mls$m m ul^mmicMB^micitm&iig systems and, in 
particular, to ultrasonic diagnostic imaging systems capable of producing high frame rate 
ultrasonic images with reduced motion artifacts. 

U.S. Patent 5JQ6M9 describes a. signal processing technique which separates 
fundamental and harmonic signal components in received ultrasonic echo signals-. This 
technique, known in ulttasound as »ptt*se inversion, " is a two poise technique -in which two 
pulses of opposing polarity (phase) are successively transmitted to the same location in the 
body. Echoes are received following each transmission in which fundamental signal 
components are out of phase due to the opposing polarity of fee transmit pulses, but me higher 
order Harmonic signal components, being quadratic in nature, are not. Summing the two 
echoes will cancel the opposing fundamental components and reinforce the harmonic 
components, leaving a cleanly separated har^ 

filters. Subtracting the two echoes will have the opposite result, canceling the harmonic signal 
components and reinforcing the fundamental (linear) signal components. In a similar manner; 
subtraction leaves a cleanly separated fundamental echo signal. 

Pulse inversion Is a two pulse technique, however, meaning it is .necessary to 
scan each acoustic line twice In order to form a single image. This means that the time 
required to acquire all of the scanlines of an image is approximately doubled as compared to 
conventional Single pulse imaging. The time to acquire all of the scanlines of an image frame 
determines the frame rate of display, which will approximately halve with a two pulse 
technique. It is desirable to have as high a frame me as possible so that real-time imaging is 
produced which shows tissue motion smoothly and With little interframe dsxeonhnuhy as a 
scanhead is moved when surveying a patient ■■' s anatomy. 

In a concurrently hied application it Is shown how pulse inversion harmonsc 
imaging can he carried out at a high frame rate of display and a high line density. In one 
embodiment of that inventive technique transmit pulses of opposing polari ty (phase) are 
transmitted along transmit scanlines at adjacent positions in the image field and multiple 
scanlines are. received in response to each transmuted beam. Received scanlines from 
opposite polarity pulses are combined to produce harmonic images at a high frame rate of 



2 

display, By combining received seanlines m a temporally consistent manner, motion artifacts 
are reduced. In the present invention, this principle 33 applied to reduce .motion artifacts when 
performing r.f, interpolation of muiuline seardines. The inventive system employs a moltiime 
beamforrner which recedes and forms JBnhiple recerve^ seartHnes m response to a single 
5 beam transmission. Interpolated seaniine image data is; produced by interpolating temporally 
different seaniine data for each image line- The image data Is then used to form an ultrasonic 
image. The scintillation effect of motion is eiimmated by the use of temporally different 
seaniine data to form each: image line. 
In the drawings; 

FIGURE 1 illustrates a pulse inversion scanning technique of the present 
invention which produces a high line density image; 

FXGORE 2 illustrates a pulse inversion scanning technique of the present 
invention which produces ultrasonic images at a high frame rate of display; 

FIGURE 3 illustrates a variation of the pulse inversion scanning technique of 

15 FIGURE 2; 

FIGURES 3 A-3D illustrate the development and removal of artifacts associated 
with the scanning technique of FIGURE S;; 

FIGURE 4 illustrates a pulse inversion scanning technique of the present 
invention using -multiline seaniine reception; 
20 FIGURE 5 illustrates in block diagram form the receiver of an ultrasonic 

diagnostic imaging system for processing signals in accordance with the "inventive technique 
of FIGURES 1-3; 

FIGURE 6 illustrates in block diagram form the receiver of an ultrasonic 
diagnostic imaging system which employs a [1 2 I] filter function; 
2S FIGURE 7 illustrates in block diagram form the receiver of an ultrasonic 

.diagnostic imaging system for producing toth separated fundamental aud harmonic signals 
which are blended into a common image; 

FIGURE 8 isiusurates in block diagram form the receiver of an ultrasonic 
diagnostic imaging system using multi line reception Rsr producing pulse in version separated 
30 harmonic signals in accordance with the principles of the present invention; 

FIGURE 9 illustrates application of the principles of the present invention in 
single pulse imaging 10 reduce motion arbfacts; and 
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•FIGURE 10 illustrates m blt^fc-diiagram ?mm '»» :a|iras©iuc diagnostic imaging 
system which produces images with reduceJ motiou aitifactg m accordance with the inventive 
technique of FIGURE 9, 

. Referring first to FIGURE 1, a pulse inversion scanning technique of the 
present Invention is shown. In FIGURES .1-4 and 9 the vectors of an image field (Use region 
of the body which is being scanned) along vsMeh ufe$onic waves are hransmitied and 
received are represented by arrows,: ITiese scanhae mxms axe shown in a relative spatial 
orientation in relation to the elements e of a linear array transducer 10 which transmits and 
receives the scanlines. The scanlines are depicted i». a linear format, however they may also 
be transmitted and recei ved in a sector or steered linear format as is known in the art, Seanhne 
arrows pointing down in these drawings depict transmit scanlines and scaniine amwa pointing 
tip depict received seanhnes, Straight lines depict image lines in their relative positions in an 
image. 

jEn pulse inversion scanning in accordance with my aforementioned patent, two 
pulses of opposing phase or polarity are transmitted along each seanJine direction, as 
represented hy the paired transmit scanlines. the first pair of which is shown fey transmit 
scanlines H and 2^ with the indicating a positive polarity transmit pake and the 
indicating a negati ve polarity transmit pulse. The relative phase opposition of the two transmit 
poises or waveforms is preferably ISO"; a lesser difference yields less than complete 
separation of linear and harmonic signal components when the resulting echoes are ■combined.. 

When pulse inversion Is performed as shown in my patent, transmit scanlines 
14 and 2- yield received scanlines R H and R;>., respectively, with the number indicating the 
eon^sponding transmit scaniine. Transmit scanlines 3* and 4- yield received seaahnes ,R& 
and R ;! „ and so forth along the array. Echoes along each received scaniine are then summed or 
added on a common depth (z) basis to cancel fundamental signal components from tissue or 
contrast agents and .leave-only the harmonic signal components of the received echoes. Thus, 
the summation of received scanhnes Rj„ and R?. produces an image line Li of harmonic 
signals, the summation of received scanhnes R*., and R*., produces an image line 13 of 
harmonic signals, and so forth. 

In accordance with the principles ©f the invention of the concurrently filed 
application, adjacent scanlines received fi^-$G&g8ft -seanBries of opposite polarity are 
summed to produce separated harmomc echo signals along image lines which are intermediate 
the adjacent scanlines. Received scanlines R^andR^ are summed to produce harmonic echo 
signals along image line L2 which is intermediate image lines LI and L3 . Received scanlines 
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R4, and R 5+ are summed to produce harmonic echo signals along image line L4 which, is 
intermediate image lines L3 and E5, and so on across the image field. It is seen thai this 
further combination of adjacent scaplines produces a harmonic, image with twice the line 
density of conventional pulse inversion imaging, using -the same transmit pulse sequence as 
5 the conventional technique. 

it will be apprepiatedth-gt :^jj9e^t-rece*v«5d seaslmes .R. } * and R*. could also be 
used- to separate the harmonic echoes of image line L2 since this pair of adjacent scanlmes, 
like the R 2 ..R$«. pair, results from oppositely phased transmit pulses. However, since the 
Rs+^R*. pair is separated by the transmit- receive intervals of two other scanlines, 2- and 34- and 

10 their received echoes, the Rh.R*. p^*r is mote susceptible to .motion artifacts than is the time 
sequential R-.. R3+ pair. Hence in me preferred embodiment time sequential adjacent scanlines 
are used to form the even-numbered intermediate image lines. 

The received scanhne processing, arrangement of FIGURE 5 may he used to 
form the image lines shown in FIGURE L Echoes are received by the transducer array J.0 

3:5 following each transmit scanhne and coherent echo signals are steered and focused by a. 
receive heamformer 12 to produce a sequence of echo signals along the recei ved scanlines. 
Each received acaniine Is coupled to a line buffer 14 which delays each seanline by the time 
Interval of a tranamit-receive cycle such that the previous receive seauline and the current 
receive scaniine are simultaneously applied to a summer 20. The summer 20 will therefore 

20 sum echoes of the two seanhnes on a corresponding depth (z) basis, producing separated 
harmonic echo signals. When the sign of one of the signals being combined is Chapged by a 
sign change circuit 1 8, the : arrangement of FIGURE 5 will produce separated linear signals, as 
indicated by the harmonic/linear control signal applied to the sign change circuit. An alternate 
way to achieve the same result is to replace .'the summer 20 with a difference circuit 

25 I Subtracter). The separated harmonic or linear signals are then coupled to subsequent 

processing cit'Ctiitry Of the ultrasound system where the echo signals are detected, processed, 
and displayed in the usual manner. 

Since the processing system of FIGURE 5 processes pan* of sequentially 
received scanlines, the summer 20 can produce the following combinations, depending upon 

30 the setting of the sign change circuit; 

Harmonic components;; 
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Li near components: 

Li^{R s ., - R h };m^m 2 . 4 R>); L3-(fe ,- -K*.}; 



This operation is equivalent to c0nv^|V^i)ig'.«:'.^ip|''^l^r of the form [1 I] with the- received 
data that is acquired by &5t^a^nj|.tfee/^M^.(c^:^h!a^e).df the transmit pulse. Harmonic 
component and linear eonvponms are separated by mverting/noninvemng the sign of She 
received data prior to the convolution* 

Irs FIGURE 2 the lateral spacing of the transmitted and received scaniines is 
doubled in co^panson with the FIGURE 1 ■embodiment in the same manner as FIGURE 1 , 
transmit scaniines if and 2- yield received seanlmes R s » and R a „ respectively, transmit 
scaniines 3+ and 4- yield received scanlines R s+ and R*., and so forth along the array 10, but at 
a two clement spacing instead of a single element spacing. The received scanlines are 
processed by the processing system of FIGURE 5 in the same manner as before, producing 
image lines 0,L2,L3, L4,,,. of harmonic echo information but, due to the doubled scan line 
spacing, the image lines are of the same line density as the conventional pulse In version 
technique. Compare the image line spacing of FIGURE 2 with the i mage line spaci ng of the 
odd-numbered image lines of FIGURE L But since scaniines are transmitted and received at 
twice the spacing as in FIGURE 1 , only half as many transmit-receive intervals are required 
and the image lines for a full image frame at the conventional image line density are acquired 
in half the time. Thus, Ihe frame rate of an image produced in accordance with the scanning 
sequence of FIGURE 2 is twice the conventional pulse inversion frame rate. 

If the paired received scaohnes (e.g., Rs^R^ in FIGURE 2) are offset f rom each 
other rather than being co-aligned as shown in FIGURES 1 and 2, the combination of the two 
received scaniines will produce an image line of harmonic echoes at a line location 
intermediate that of the recei ved scaphnes. 

The present inventors have found that the scanning techniques of FIGURES I 
and 2 can develop an artifact due to the line to ; line aperture variation. In FIGURE. 2, for 
instance, it is seen that each pair of spatially aligned receive scaniines such as R u and Rs- are 
spatially aligned with each other and with their respective transmit scaniines. That is, both the 
transmit and receive apertures for the scaohnes which are combined are commonly aligned 
and in spatial alignment with the resultant odd-numbercd lmage line. But the even-numbered 
smage lines are formed by combining seanhnes from unaligned apertures. For example, 
received scanline R 2 . ant.1 its transmit scanhne ate centered between the first and second 
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elements e of the array 10 while recei ved scan I i ne R;;«. and its transmit seanfide are centered 
between the third and fourth elements of the array. Thus, each image line across the image 
field is alternately formed from echoes from aligned and ■ unaligned apertures. This alternation 
across the image can .result in an aimoying ,v picket fence'' artifact in me image, particularly m 
5 the ease of motion in the image field . 

One approach Co reducing this poket fence artifact is to filter, or average, 
consecutively received scsntmes. Filtered image lines with reduced attif sets may he produced 
by convolving a filter of the form [1 2 1] with the received scan line data acquired from 
alternate- polarity transmit pulses. As ro the ease of the arxsngemsnt of FIGURE 3, either 
10 hajmotiic or linear components may he separated by seleeiiveiy inverting or noninverdng the 
sign of the received data prior to convolution. The {t 2 1} filter will produce the following 
image lines: 

Harmonic comp oueirts ; 
IS Li-(Rs + * 2R 2 ..* R^.); L2~CRj. + 2R%+ * R*.)> 

L3~(R ;U 4- 2R 4 . 4- E 5 *); L4^(R4. -f 2R$<. + R 6 .j; . . . 

L l~CRs* - 2R^i 4 L2«(»R^. 4- 2R>;, - R4.); 
L3~(Rj* - 2R-*. ~t* Rs+)> L4~(-R4- 2Rs„. ■- R$,.K . . . 

20 

Consistent with the principle of pulse inversion, it is seen that each of the separated 
components is composed of an equal contribution of echoes from both positive and negative 
(apposite polarity) transmit pulses. For instance, harmonic image line IT is composed of two 
samples from positive transmit pulses (Ru and R;«.) and two samples from negative transmit 
25 pulses (2R2.). 

An arrangement which implements the foregoing I ! 2 1} filter is shown in 
FIGURE 6. This arrangement is sindiar to that of FK5URE 5. but includes a second fine- 
buffer 14 ' to twicc-deiay received scanlines and a second summer 20 1 which produces the 
2R !IX term for the [i 2 !] filter function. In this embodiment the sign change circuit 18' 
30 functions by passing, received data without alteration when harmonic components are being 
produced, and by changing the sign of alternate received seanlmes when linear components 
are being produced. From the form of the linear components shown above, it is seen that the 
signs of the even-niu-nhered received seanlines are inverted (Rj.» R*.» esc.) and the signs of the 
odd-numbered recei ved scauimcs -(R^-.M^, EsT) are unchanged. This operation of the sign 
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changing circuit of changing, the sign of alternate lines is also effective for the embodiment of 
FIGURE S. 

.Another scanning technique for high frame rate pulse aversion Imaging is 
shown in FIGURE $< in this emhp#meftt each received scaniine is received at an aperture 
5 offset from the transmit aperture by one dement spacing. For instance, the echoes from 
transmit scaniine |* are t%ct£y#&m *-.tc^yp&:.8Q&}^&i». ffftemm. which is offset one 
element to the left of its transmit aperture* and the echoes from transmit scaniine 2- are 
received at a nseeived scaniine ,.R> aperture which is offset one element to the tight of its 
transmit aperture, likewise, the echoes from transmit scaniine are received at a received 

10 scaniine aperture .which is offset one element to the left of its transmit aperture, and the 
echoes from transmit scaniine 4 - are received at a received scaniine R4, aperture which is 
offset one element to the tight ©fits transmit aperture, and so oft. When image line Li is 
formed from received scaMsftes Rs* and R?.,., it is seen that the image line is in alignment with 
one aperture, the transmit aperture, hut the other aperture, the receive .aperture, is split on 

IS either Side of the position of the image line. In like manner, while image line L2 is m 

alignment with one aperture, in this case (he receive apertures of scanlmes Rj. and R3*, the 
transmit apertures of scanlmes 2- and 34- are split on either side of the position Of the image 
line. Thus there is a common characteristic across the image field; each image line is in 
alignment with one aperture (transmit or receive) and unaligned v4th the other (which is split 

20 one element to either side of the image line.) While no image line is in complete alignment 
with both apertures, the uniformity of the aperture nonalignment across the image field will 
reduce the artifact resulting from the alternating aperture characteristics of FIGURES I and 2. 

In digital ultrasound systems, received echoes are dynamically focused and 
temporally sampled. Such a sampled data system exhibits certain characteristics which require 

25 specific processing to avoid image artifacts. In particular, when the scanning technique of 

FIGURE 3 is implemented in a digital ultrasound system* interpolated samples on image lines 
aligned with the transmit aperture are misaligned -row by row with interpolated samples on 
image lines aligned with the receive aperture, 

FIGURES 3A--3C illustrate this problem, in FIGURE 3 A, transmit apertures 

30 TL and TR are aligned, with an image line LT, The respective receive apertures QL and OR 
are located to the left and to the nght of the transmit apertures. Echo data samples RL* and 
RK S are received from apertures OL and OR at uniformly spaced distances (or uniformly 
spaced times) x in the image Eeld. : When these data samples RL* and RR* are combined to 
interpolate image line samples at the desired intermediate locations b0 { 62, 64 in line with the 
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transmit aperture > the resultant imerpoiated ssuipies as - e not- uniformly spaced but are located 
m the intersections of the isodhrods 66 M &e: respects ve «ceive apertures as shown by 
interpolated samples 61, : 63, and 65. 

FIOURB 3B illustrates the spacing -of the sampfes '-when the interpolated image 
5 Ime is -aligned with the receive apertures. The rmnsmit apertures TL and TR are. located to the 
left and right of the aligned receive apenbtes OL and OR. Echo data samples EL* and RE,, 
feeing received from aligned received apertures OL add OR, will result in uniformly spaced 
Image line samples 70 t 72, 74. This drawing shows that interpolated samples from aligned 
receive apertures will remain umfonnly spaced, 

1 0 When the interpolated, samples of FIGURES 3 A and 3B are combined In an 

image field, it is seen that the spacing of the image line samples varies from one image line to 
the next across the image field, as shown by FIGURE 3C< Image line samples aligned with 
the transmit apertures exhibit one spacing, and image line samples aligned with the receive 
apertures exhibit, another spacing. These unregistered image samples will result in a 

13 * shimmering* artifact, particularly in the near field of the resultant image where the 
misregistratiop is the most severe. 

One way to remedy this shimmering artifact problem is to employ a signal 
resampling process. Axial resampling can recalculate sample values at the desired locations 
along the image line using the values of the acquired, misregistered samples of the image line. 

20 The resampling process can create its own artifact if only the misregistered image lines are 
fesampSed, for this will alter the bandwidth from line to line. Such artifacts can be reduced by 
employing a double resampling process on all image .lines, computing intermediate values 
first, and then final values at the desired sample locations on the lines* or by resampling all 
image lines to a sample alignment different from that of both types of recei ved sample 

25 alignments. Since the pulse inversion process is a linear operation, the resampling process can 
be implemented before or after harmonic/linear separation.. 

The. shimmering artifact can also be eliminated by processing the received 
scaniwes using a spatial filter. .Previous examples have demonstrated the use of [1 !] and [1 2 
1 1 fi bers, In the case of the f I 2 1] filter it is seen that 

30 R $+ * 2R 2 . + Rv ss (E { , + R 2 ,} 4- (R 2 . * Ej*>. 

This shows that the effect of applying a[I 2 1] filter Is equivalent to averaging the transmit 
aligned pixel with the receive aligned pixel to reduce the image artifact. But the (I 2 Ij filter 
will only reduce, not eliminate, the artifact since the transmit and recei ve pixel apertures are 
"not perf ectly aligned. 
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A higher order [1 3 3 1] filler will effectively elixninate the artifact, however,, as illustrated, by 
FIGURE 3D. In this drawing the samples 70-79 show the alternate alignment of image line 
pixel data as a result of [I I J filtering, as in FIGURE 3C. The odd-numbered image lines are 
aligned 'with the transmit scanlines and the even-numbered i mage lines are aligned with the 
5 received scanlines and the scanlines are equally laterally spaced as a result of the scanning 
format of FIGURE 3, To register this image data laterally., each pair of consecutive transmit- 
aligned scanlines is interpolated to produce interrsiedsate pixel data aligned with the receive- 
aligned scanlines, and each pair of cottsefeittiye receive-aligned scanlines is interpolated to 
produce intenoecliate pixel data aligned with the transtrdt-aligned seatdines. This intermediate 
10 pixel data is then averaged with the axialiy adjacent sample data to produce the desired image 
data. 

As an example, the data on lines LI, L2 and L3 Is initially of the form: 
Li: (R u + R :! .s L2: (R> + R.O 1.3: <R.<, * R 4 } 

From the two adjacent scanlines aligned with the transmit beams, LI and L3, ihlermediate 
I S interpolated scanline data 80,81 is produced: 
(U+L3.V2: 0.5((Rs«. + R*)*p$* -r R*}) 

This intermediate interpolated data Is axiaily interpolated with the unlnterpolated data on the 
receive aligned scanline L2 to produce the desired aligned interpolated pixels 90^1: 
(U4L3)/4 4 L2/2 ™ Ll/44»L3/4*L2/2: &2S(R 1+ * 3R S , 4 3R 5 * 4 R».) 
20 In the same manner. Intermediate interpolated scanline data 82.83 is produced 

from adjacent scanlines aligned with thereeeived scanlines: 
{L24.L4}/2: G.5«R 2 . + R>*)+(R«. + R^)> 

This Inienpedi ate injerpokted data is axiaily interpolated with the tmlnterpolated data on the 
transmit aligned scanline .13. to produce desued aligned Interpolated pixels 92,93; 
25 (L2-5-L4}/4 4 L3/2 « L2/4+L4/44-L3/2; 0.25(R 2 .. + 3R 5 ,. 4 3R4. * Ri*| 
Neglecting the scaling factor of 0„2S> the aligned pixels; are of the form 
L2: R ; 4 3Rv * 3R 3 .. 4- R 4 , L3: R 2 . 4 3R 3+ 4- 3R4. f R s 

This is effectively equivalent to processing the scanline data with a { 1 3 3 1} filter. The 
preceding example, describes the processing to separate harmonic image line data. linear 
30 image line data can he obtained by inverting the sign of the received data acquired in response 
to the transmit pulses of inverted ,(peig^^)'^.gK : «3f'.pplanty, The separated linear components 
will thus be of the form 

12: R { „ - 3R-< * 3R V ~ R4. L3: ~Rj, 4- 3R 3+ - 3R 4 , + Ms 
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Use of this processing technique can eliminate the shimmering artifact as at tesuk of 
realignment of the image pixels Irons image "Use to image line. Although the image pixels are 
not sampled perfectly uniformly m theory, the saiBplsng error is negligibly small when the 
smage lines aie processed with 8 P 3 3 1} or higher o*der fdter. 

FIGURE 7 illustrates a processing system which -simultaneously separates both 
linear and harmonic echo signal cohtponents, then Mends them together in a single image as a 
function of depth. Such a blended image cats take advantage of the low nearfield clatter 
performance which is possible with harmonic components,, and the better depth penetration of 
ttscar components. In FIGURE 7 the sommer 20 additivbly combines sequential seanlmas 
received from oppositely phased transmit signals to produce separated harmonic signal 
components as in the case of the embodiment of FIGURE 5, A subtracter 24 takes the 
difference of sequential scanlines received from oppositely phased transmit signals to produce 
separated linear (fundamental} signals. The signals front the summer 20 and subtracter 24 can 
if desired be separately processed and displayed as separate or overlaid harmonic and 
fundamerstai Images, In this embodiment the -respective harmonic and fundamental signals ar« 
multiplied by: weighting functions by multipliers. 22 and 26', The harmonic signal components 
are weighted by a depth- variable weighting factor k^'z). The linear signal components are also 
weighted by a depth*variable weighting factor k<z). In a preferred embodiment the weighting 
factors vary in an inverse relationship, with 'harmonic components mom heavily weighted in 
the near field and linear components more heavily weighted in the far field. The weighted 
signal components are combined by a summer 30, then forwarded for detection, image 
processing, and display. 

It will he appreciated that other factors can be used to control the variability of 
the weighting factors such as other spatial dimensions or time. 'Variable blending can take 
advantage of the different characteristics of linear and harmonic signals in different 'imaging 
applications, 

A multiline technique producing an even greater frame rate of display is shown 
in FIGURE 4, In this embodiment only a single transmit scanHne is produced at a two 
element spacing. The polarity Or phasing of the transmit poises alternates from One transmit 
soanilne to the nest. The acoustic field of eseh mansmiaed scanHne Is broad enough to 
encompass two receive scaniines which are simultaneously received, as shown in U.S. Pat. 
4,644,795, Thus, "mnltiline" r^c^^dn-ii^ploj^-f^r.inultipte scanlines following each 
transmit wave, in the Illustrated embodiment transmit scanime H results in the reception of a 
receive scan line to the right and left of the center of the transmit aperture, Kit.* and R 5R <.. 



it 

Similarly, .transmit seanline 2~ resales in the reception of receive scamines R^ and fW> and 
Pansnist scaiUira 3* result in the reception of receive seanlines Est* 8®& Rr>a+< and so on. M 
this embodiment the received seanlines are spaced one element to the left and -right of the 
transmit scaniine.so that successive received seanlines are m alignment, however, this is not 
5 required; the technique is applicable even when the received scanRaes do not overlap, 
although care mast be taken to avoid artifacts from spatial aliasing when greater soanhne 
Spacing' is employed. 

Successively received seanlines are then combined to produce separated 
harmonic (or linear} signals along the image lines depicted at the bottom of FIGURE 4. Image 

10 line Li h formed by combining meeiyed seanlines .R^* md Rsl-, which are deri ved from 

oppositely phased transmit signals. Image tine L2 is formed by combining received seanlines 
and R^,,, which, are likewise derived from oppositely phased transmit signals. Image line 
L3 can be formed, by combining R m * and Km-, or by combining and R^- like the 
embodiment of FIGURE 3, each image line is aligned with one of the transmit or recei ve 

IS apertures, and unaligned with, respect to the other, which is split on either side of the image 
line. These image lines are subject to the same artifacts as the FIGURE 3 tecfndaue* and thus 
benefit from higher order filtering. Using the [1 3 3 1 1 filter, image line L2 is formed by 
combining received seanlines Rn> 4 Mm* * 3Rjsir * which are derived from consecutive, 
oppositely phased transmit signals. Image line L3 is formed by combining received seanlines 

2Q 3R 3 t 3E 2R; •* R?.t.~> which are likewise derived from consecutive, oppositely phased 

transmit signals, .image line L4 can be formed by combining Rsl- + 3R^.. 3R ^ + R>^. 
like the embodiment of FIGURE 3, each image line is aligned with one of the transmit or 
recei ve apertures, and unaligned with respect to the other, which is split on either side of the 
image line. Thus, this filtering technique has the same beneficial artifact performance as in the 

25 embodiment of FIGURE 3, 

An ultrasound receive signal processor for performing the scanning technique 
of FIGURE 4 is shown in FIGURE 8, In this system the elements of the transducer array 3T0 
are .coupled to individual channels of a transmitter 16, which provide individually timed 
transmit signals to each element to steer and focus the transmit seanline beam as desired. The 

30 transducer elements are also coupled in parallel to the inputs of two receive beamformets, 

b&amformer 12L and beamfonrjer I2E, preferably by multiplexing which enables the inputs to 
the beamforrners to be changed so that they may be operated as two multiline beamformers or 
as one single-line heamformer. The receives! seanhnes; produced by the two beamformers are 
coupled to the inputs of line buffers 14 and to the inputs of summers 42, 44, and 46. The 
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summers combine sequential scmimmlrom opposite . p<>laiisy-traKsmi£ pulses and produce 
image lines of separated harmonic echo components. Separated linear signal components can 
be obtained by the use of sign change circuits at the output of each heamforrner shown) to 
change the sign of signals received from alternate transmit pulses. A fiber and line sequencer 
5 SO receives image line data from the three summers, batters the data as required, and transmits 
image line data to the detection, processing and display cimuitry of the ultrasound system in a 
desired image line sequence. Alternati vely, me filter and line sequencer can comprise a 
multiple entry frame store which stores multiple Selected image lines for subsequent 
processing and display. 

10 in operation, feeamfonaet I2h will sequentially produce scan! ines Riu, R^. 

R$u, R.4t-« and so on m response to the transmit seanlme sequence of FIGURE 4 The 
beamformer I2R will concurrently produce seanfmes R$b** Ran- Rjk*, R^r-, and so en. These 
sequences result in the production of the following combinations at the outputs of the 
summers: 

15 

£E a ,* * Rav) {R 2 l- * CRm* + (Rsa- + R-su-) 
(Rjt* * %*Q {Rih- + Rsr*) (Rsr* + -R*n-> • • • 

where this sequence- of Image lines is produced by summer 42, summer 44, summer 46:, 
20 summer 44, summer 42, summer 44, summer 46, and so- on. Sequencing the summer outputs 

in this order will produce the image line sequence LR. L2, L3«- L4, 1.5, and so on as shown at 

the bottom of FIGURE 4. 

Since the scanning technique of FIGURE 4 will benefit by the same filtering 

techniques as the previous embodiment, in s preferred embodiment of FIGURE 8, the filter 
25 and line sequencer 50 processes the scanhne data with all 33 ! J fiber in the same manner as 

the pre vk>us embodiment:. This will lead to the production of harmonic signal Components of 

the form: 

L2; (Ra» 4-3RiR.-- ^3R2u- fBsKr) 
30 L3: ('R^-. -+3R? { .. *-3R 2SJ . -*R 3L +) 
L4: (R.;.l- -eS-RsK. 4-3:R 3 ^ ^Rsr*) 
LS: {R;k- -f-3R;?L* -RSRsr* +R41.O 
L6: (R s .u +3Rjii* 4-3R 4 t- *R*r.) 
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By inverting the sign of the. received data acquired in response to the transmit pulses of 
inverted (negative) sign or polarity, ite {1 3 3 1] filter will produce linear signal components 
of the. $wm: 

5 L2: (Riu -3Rjt- -Em-) 

L3: (Rt.su ~3B.2;l- • 3R;<r- +R3t,+) 
L4: C-Rsl- -3R28- -fSRst* 

L6: (R ;<«...<. -3R4:, -I-Uk ) 

SO 

In accordance with the principles of the present invention, the scanning 
technique of FIGURE 4 is applied to the interpolation of multiline received signals to cure a 
defect of prior art arrangements. The simplest conventional multiline sequence is to receive 
two seaniines for every transmit pulse, one scanhne on either side of the center of the transmit 
15 beam. One prior art interpolation technique- forms one image line by averaging the two 
received scanhnes^ and another image line by averaging adjacent seaniines from two 
consecutive transmit pulses, that is, the seanline to the left of one transmit beam is averaged 
with the seanline to the right of the neighboring transmit beam. Received seaniines across the 
i mage field are averaged in this manner to develop an image of interpolated seaniines- This 

20 interpolation technique is susceptible to an alternating motion artifact similar to that described 
above, because the first pair of seaniines (and every odd-numbered pair) which: are averaged 
are concurrently received and the second pair of xcanlmes (and every even-numbered pair) 
Which arc averaged are sequentially received, if there is motion in the Image field, the 
concurrently received seaniines will be equally affected because they an* produced by a single 

21 transmit pulse The sequentially received seaniines will he differently affected by motion 
because they -are developed by temporally different transmit pulses and each scanhne will 
reflect the position of moving materials as of the moment they are produced. Thus, odd- 
numbered lines will not have a motion ariif act and even-numbered lines will, creating a 
sciniilladon-type artifact when there is motion in the image plane. 

30 In accordance with the principles of the present invention, this motion artifact 

of muhfhne interpolation is avoided as shown in FIGURE 9. In this drawing a sequence of 
transmit pulses T :1 , Ts, TV,, is tmnsmjitcd across the image field. A pair of seaniines are 
received in response to each transmit pulse. For instance, seaniines R S( _» and Ft;;- are received in 
response to transmit pulse T !s where the first subscript refers to the number of the transmit 
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pulse which produced the sc^lme,;:.a*ul the seedM^bsciipt refers" to -the relative position of 
••the received sca»li«e across the image field. The second transmit puke. Ts • results m the 
reception of scanlines E32 and R34, and so on. 

The prior art technique for forming interpolated image lines from: these 
S scan) me?, is to average and R« to ferm image Hue Li ; R« and R32 to fonti image line L2; 
and so on across the image field. But LI is formed from temporally identical received 
scanlines and L2 is formed from te-mpora1% b^fTerent received scanMnes, giving rise to the 
motion artifact. The technique of the present invemioo overcomes this problem by 
consistently forming image lines from temporally differeht received scanlines. That is, LJ is 

10 formed by interpolating scanlines R x0 ahd R32* image line L2 is formed by interpolating 

scanlines Rjj and Rjj, image line 1.3 is formed by interpolating scanlines R* 2 and R34. and so 
on as shown by the ovals I, 2 and 3 encompassing these scanline designators In FIGURE 9. 
This results in a uniform characteristic of the interpolated image lines across the image field, 
since each image line is formed from two temporally different scanlines. This method of 

IS interpolation is continued across tire image field as the encompassing ovals 4, S, and 6 In 
FIGURE 9 indicate. 

The present inventors have noted that, while the above two-line interpolation 
technique reduces the motion scintillation, artifact, an error is introduced by the variation in the 
locations of ; the transmit and receive apertures from hoe to line across the image field. Hence, 

2Q the present inventors prefer the use of a three-line lateral filter of the form (R s + 2Ry + R £ > for 
use as the line interpolator for FIGURE 9. This set of filter coefficients advantageously 
weights two scanlines acquired on one side of a transmit beam with a double-weighting of a 
scanline acquired on the other side. This filter will form, an image line LLS by interpolating 
scanlines R?o, 2R« andRxz; image line L2.5 is formed by interpolating scanlines Rj 2s 2R33, 

25 and R34; image line 1.3.5 is termed by interpolating scanlines 2R ?. s and R54, and so on. 
Each of these interpolated lines is intermediate the Integer lines shown in FIGURE 9.. This 
filter form is also effective for performing high frame rate pulse inversion harmonic 
separ ation. Referring to FIGURE 4, for instance, it may be seen that a lateral filter of this 
form will sequentially produce 

30 

(R?U +2R 2t . (Rjl ^aRrfe-^Raa.) (Rjr* +2R 2 r. 
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This sequence Is ■seers to combine two weights of scaniines rece?ved from positive (or 
negative) polarity transmit pulses with two weights of scanhnes received front negative (or 
positive) polarity is»sriiit pulses, thereby providing complete harmonic separation. : 

The image line interpolation technique of FIGURE 9 can be carried out by the 
5 multiline receiver and in^rpo!M^;aEt^'p»i^tM.HPURE 10. In this system the elements e 
of the array transducer .10 are individaslly driVen by a transmitter 136 to steer a focused 
transmit beam from fee desired point along the tmssdueer array in the desired direction in the 
image field. Conductors or, preferably, multiplexers couple echo signals received by the 
elements e to a nuUtillne beamfonner 132,134, as indicated by the arrow 130. The multiline 

10 heamformer 132,134 may be two separate b^amformers* or separately controllable and 

separately summing partihons of a single beamfomser. Each multiline heamformer partition 
produces a received seanllne, one to the kit and one to the right of the transmit beam 
transmitted under control of transmitter 136, Each pair of concurrently received seaniines is 
stored temporarily in a line memory 138 which acts as a buffer, and forwarded at the 

15 appropriate time with subsequently received seanfines to line interpolator 140, The line 

interpolator forms an image line by Interpolating pairs of scanlmes as shown in FIGURE % or 
preferably implements a three-line lateral filter of the form (R x + 2Ry *> R. ? ), The interpolated 
Image lines are coupled to detection and signal processing circuitry 142 and a scan converter 
146 for processing and display of an image on a display 150. ft is seen that the apparatus of 

20 FIGURE 10 when operated in accordance with the technique of FIGURE 9 can form high 

f rame rate interpolated multiline images of virtually every sort of echo signal. This apparatus 
and technique will find use in 8 mode, Doppier and harmonic imaging. 
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1. A method for producing an ultrasonic image of interpolated image lines with 

reduced susceptamcc to motion artifacts comprising the steps of: 

transmitting a plurality of laterally spaced .'Ultrasonic, beams in an image field; 

receiving a plurality of laterally spaced receive beams in response to each 
transmitted beam; ami 

producing interpolated image lines ftpm said receive beams* successive ones of 
which are m mierpoiation of receive beams produced m response to multiple transmitted 
beams; arid 

detecting and displaying said interpolated image lines. 

X The method of Claim 3 , wherein the step of transmitting transmits a sequence 

of laterally spaced beams of the form Ts, Ti, 

3; The method of Claim 2, wherein the step of receiving receives pairs of 

scan lines of the form- <Rio,Rj2)< {Rsjit^}. (R$4,R$«>. QI-kMim)* 

4. The method of Claim 3> wherein the step of producing interpolated image lines 
produces lines of the form <Rjo 4* R32X (Rj2 + Ras), * E54), (R34 4- Ru)- 

5, The method of Claim 3, wherein the- step of producing interpolated image f ines 
comprises the step of laterally filtering two or more adjacent received seanlines. 

6: The method of Claim 5, wherein the step of laterally filtering comprises using a 

filter function of the form [1 2 1| to produce image lines of the form (E s 4 2R y 4 R?.}. 

7 , The method of Claim 6, wherein the step of laterally filtering produces image 

lines of the form (R;» *' 3Ri2 4- R 32 >, (R< 3 4- 2M 32 4- 83ft (R 32 4- 2R3* 4- R S4 ), 
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8. An ultrasonic diagnostic imaging system which produces an ultrasonic image- of 
interpolated image lines with reduced sasceptance to motion artifacts comprising: 

an array transducer; 

a kamfonns, coupled to said array uansdueer, which controls said array 
5 transducer to transmit a seqaen.ee of laterally spaced ultrasonic beams in an image- field, and 
which forms multiple laterally spaced scaniines in response to each transmitted beam; and 

an interpolator, coupled ~m said oeamformer m& responsive to said scaniines, 
which produces Interpolated image lines, successive ones of which are m interpolation of 
scaniines produced in response to multiple transmitted beams; and 
10 an image processor which detects and displays said interpolated image lines. 

9. The ultrasonic diagnostic imaging system of Claim 8., wherein said beam.former 
includes a receive beamfornier which forms two scaniines in response to each transmitted 
beam on opposite sides of said transmitted beam, 

15 

10. The ultrasonic diagnostic imaging system of Claim 9, wherein said interpolator 
comprises a lateral filter. 

.1 1. The ultrasonic diagnostic imaging system of Claim 10, wherein said lateral 

20 filter performs a filter function of the form (R x * R y )/2 to produce successive image lines, 

wherein E >; and R y are scaniines produced by said recei ve heamformer in response, to different 
transmitted beams, 

12. The ultrasonic diagnostic imaging system of Claim 10, wherein said lateral 

25 filter is a [I 2 1} filter which perforins a filter function of the form IE* -f 2R y R £ j to produce 
successive image lines, wherein two of R*, R y and R. ; are scaniines produced by said receive 
bsamformer in response to different transmitted beams. 
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